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ScienceDirectMonitoring the conformational dynamics of proteins is crucial
for a better understanding of their biological functions. To
observe the structural dynamics of proteins, it is often
necessary to study each molecule individually. To this end,
single-molecule techniques have been developed such as
Fo¨rster resonance energy transfer and optical tweezers.
However, although powerful, these techniques do have their
limitations, for example, limited temporal resolution, or
necessity for fluorescent labelling, and they can often only
access a limited set of all protein motions. Here, within the
context of established structural biology techniques, we review
a new class of highly sensitive optical devices based on WGM,
which characterise protein dynamics on previously
inaccessible timescales, visualise motions throughout a
protein, and track movements of single atoms.
Address
Department of Physics and Astronomy, Living Systems Institute,
University of Exeter, EX4 4QD, UK
Corresponding authors: Frustaci, Simona (sf355@exeter.ac.uk),
Vollmer, Frank (f.vollmer@exeter.ac.uk)
Current Opinion in Chemical Biology 2019, 51:66–73
This review comes from a themed issue on Molecular imaging
Edited by Philipp Kukura and Sua Myong
https://doi.org/10.1016/j.cbpa.2019.05.003
1367-5931/ã 2019 The Authors. Published by Elsevier Ltd. This is an
open access article under the CC BY license (http://creativecommons.
org/licenses/by/4.0/).
Introduction
Proteins are macromolecules that perform numerous
essential tasks within organisms, which include metabolic
catalysis, DNA transcription and replication, signal trans-
duction, and molecular transport. Most proteins gain their
functionality from a complex three-dimensional structure
and the ability to change this structure, often in direct
response to interactions with other molecules or in
response to changes in environmental conditions such
as temperature and pH. Proteins can adopt many differ-
ent conformations over very short time intervals. ThisCurrent Opinion in Chemical Biology 2019, 51:66–73 characteristic is often described with a multidimensional
energy landscape that defines the relative probabilities of
the conformational states and the energy barriers between
them [1]. In 1975 Austin et al. first hypothesised that the
functionality of a protein (rebinding of carbon monoxide
and oxygen to myoglobin) can be described by such an
energy-landscape picture [2]. Subsequent studies
[2,3–5] reinforced the energy landscape picture to
describe protein function, and suggested the landscape
is influenced by both the surrounding environment and
the presence of ligands. The dynamic motion within a
protein’s structure is extremely complex and involves
varied timescales, amplitudes of motion and different
directionalities associated with the structural motions
and fluctuations. The energy landscape is hence multidi-
mensional and also tied to a particular set of temperature,
pressure and solvent conditions.
The classification of protein dynamics based on time-
scales of motion is a different and perhaps more straight-
forward approach. Henzler-Wildman and Kern [1]
classifies protein motions into different tiers (0–2) based
on their timescales and free energy. Figure 1(a) shows a
one-dimensional cross-section through the energy land-
scape of a protein, indicating the hierarchy of protein
dynamics and energy barriers. Figure 1(b) shows the
timescales of motions and experimental methods capable
of detecting fluctuations on each timescale, including the
emerging WGM biosensing technique. The changes in
protein structure occur over varied timescales; some
conformational changes occur in subpicosecond time-
frames, and others take several hours.
Established experimental methods for
characterising protein dynamics
Established techniques that probe an ensemble of
protein molecules
Various experimental and simulation techniques have
been developed to describe the structure and dynamics
of proteins in the last three decades. X-ray crystallogra-
phy, cryo-electron microscopy (cryo-EM), small angle X-
ray scattering (SAXS) and Nuclear Magnetic Resonance
(NMR) spectroscopy have enabled the visualisation of a
static protein structure, down to atomic resolution (X-ray,
cryo-EM, NMR). X-ray crystallography requires prepara-
tion of homogenous crystals, trapping proteins in confor-
mational substates [6]. However, it is possible to study
conformational changes of small amplitudes in thewww.sciencedirect.com
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(a) One-dimensional cross-section through the high-dimensional energy landscape of a protein showing the hierarchy of protein dynamics and the
energy barriers. An energy surface minimum is described as a ‘state’. The transition state is the maximum energy difference between states. The
populations of the tier-0 states A and B ( pA, pB) are defined by Boltzmann distributions based on their difference in free energy (DGAB). The
barrier between these states (DGz) determines the rate of interconversion (k). Lower tiers describe faster fluctuations between a large number of
closely related substates within each tier-0 state. A change in the system will alter the energy landscape (from dark blue to light blue, or vice
versa). For example, ligand-binding, protein mutation and changes in external conditions shift the equilibrium between states. (b) Timescale of
dynamic processes in proteins and the experimental methods that can detect motions and fluctuations on each timescale.
Figure adapted from Ref. [1].crystalline phase using kinetic X-ray crystallography tech-
niques as function is still preserved after crystallisation
[7]. Cryo-EM and SAXS on the other hand enable studies
of the structural ensemble directly under experimental
conditions [8,9]. However, it is difficult to apply these
methods to characterise the timescales of state intercon-
version [1]. NMR spectroscopy has been the most pop-
ular technique for studying protein dynamics over varied
timescales in solution. By introducing spin 1/2 isotopes,
1H, 13C, 15N and 31P, site-specific local structure and
dynamics can be monitored [10,11]. NMR also enables
the characterisation of interconversion timescales. Differ-
ent effects are employed depending on the interconver-
sion timescale represented by rate kex which quantifies
the average number of stochastic exchange events per
unit time, relative to the chemical shift timescale repre-
sented by frequency Dv, the difference in chemical shift
of two conformational substates. For slow timescales,
kex< Dv, exchange rates vary between 0.1 s to tens of
seconds can be measured using the Nuclear-Overhauser
Effect (NOE) and EXchange SpectroscopY, EXSY (also
known as zz-exchange spectroscopy) [12]. Physical pro-
cesses in these timescales include protein folding, solvent
hydrogen-exchange and slow conformational changes
such as ligand binding and release [10]. For higher rates
(kex Dv), various relaxation dispersion experiments have
been developed [13]. Dynamics in this time windowwww.sciencedirect.com include loop motion, secondary structure changes and
side chain reorientation [10].
Established techniques that probe a single protein
molecule
The above-mentioned experimental techniques are
mostly bulk measurement techniques, requiring
averaging across thousands of molecules at a time. More
recently, another class of methods has emerged, capable
of studying a single individual protein molecule.
The main strength of single-molecule techniques is their
ability to detect molecular heterogeneity, transient inter-
mediates, rare events and the sequence of the structural
states adopted by a protein over time [1], all of which is
often hidden in bulk measurements due to the averaging
needed. Force spectroscopy using optical or magnetic
tweezers attached to proteins and atomic force micros-
copy [14] has provided, for example, detailed measure-
ments of elasticity of nucleic acids, measurement of bond
energies, lifetime and entire energy landscapes. Single-
molecule force spectroscopy generally measures the
extension of a molecule attached to a force probe, when
mechanical tension is applied across the molecule. The
review from Woodside and Block [15] provides a detailed
guide on the reconstruction of energy landscapes from
various types single-molecule force spectra. The main
concern with force spectroscopy is that the naturalCurrent Opinion in Chemical Biology 2019, 51:66–73
68 Molecular imagingdynamics of the protein might be hindered due the
external forces applied and the probe-attachment proto-
cols. Hence, alternative techniques to monitor proteins in
the native state are sought, most popularly through
observing single-molecule fluorescence [16,17]. The
large range of fluorescent dyes commercially available,
combined with optimised optics, efficient detectors and
algorithms have made single-molecule fluorescence spec-
troscopy the method of choice for dynamic studies in the
past decade. Additionally, single molecule Fo¨rster reso-
nance energy transfer (smFRET), can accurately measure
distances in A˚ngstroms, allowing characterisation of dis-
tance over time [18]. Single-molecule fluorescence
experiments have finally reached a stage where critical
molecular and biological questions are being answered.
For example, in 2013 Chung and Eaton studied the
dynamics of barrier-crossing in small, helical proteins
using single-molecule fluorescence experiments [19].
Complementary to experimental methods, computational
techniques have been fundamental in understanding
protein dynamics. Although experimental methods pro-
vide information on conformation substates, an atomic-
resolution description of the change from one ‘valley in
the energy landscape to another’ is currently out of
experimental reach, due to extremely low probability
and short lifetimes of the high energy conformers [1].
Computational molecular dynamics techniques can
describe the position of each atom in a protein over time
starting from a known atomic resolution 3D structure.
However, even with high computational resources, con-
ducting long-timescale simulations (>1 ms) to include all
atoms of even small proteins (10 kDa or less) remains
challenging. Although computational methods can pro-
vide critical insights into protein dynamics, experimental
validation is always necessary.
Emerging WGM sensors for characterising
protein dynamics
Whispering-gallery mode sensors are emerging micro-
optical devices that exploit the precise measurement of
an optical resonance frequency to detect proteins and
other biomolecules with exceedingly high sensitivity
[20,21–27]. The optical resonance is excited by sending
light into a small WGM micro-sensor, which circulates the
light. An example of a commonly used WGM micro-
sensors is a glass micro-bead, which is approximately
100 mm in diameter [28,29]. When light enters into the
microsphere, it can remain trapped inside sphere due to
the total internal reflection. The circulating light results
in self-interference, producing an optical resonance phe-
nomenon, the so-called whispering-gallery modes
(WGMs). Light waves extend via a so-called evanescent
field, somewhat beyond the surface of the micro-bead. If a
protein adheres to the surface of the micro-bead, the
protein interacts with the light. The effect is equivalent
to increasing the circumference of the bead, the circularCurrent Opinion in Chemical Biology 2019, 51:66–73 wall which traps the light. Consequently, proteins
attached to a micro-bead alter the optical resonance
wavelength of that bead. Although the change is minimal,
a shift can be detected due to the sharpness, or high-
quality factor (Q-factor), of the resonance. One of the
most interesting properties of optical WGMs, such as
microspheres made by melting of optical fibres, is their
extremely high Q-factors for biosensing, which can reach
1078 [30,21]. The Q-factor of a measurement is propor-
tional to the decay-time of the waves, and depends on
both the surface scattering loss and the absorption loss in
the glass. WGMs can be further characterised by two
polarisation numbers (TE and TM) and three mode
numbers (radial n, angular l, and azimuthal m).
‘High-Q’ resonances enable WGM sensors to reach the
high sensitivity that is required for detection of biomo-
lecules in solution.
Dielectric WGM sensors, such as glass micro-beads, can
detect multiple proteins bound to a sensor, even in
complex media and in real-time [31]. From these
ensemble measurements it is possible to determine the
concentration of analyte molecules in various biosensing
applications. It is difficult, however, to determine the
behaviour of individual molecules from such ensemble
measurements. To study the dynamics of a protein and its
conformational changes it is necessary to observe the
WGM signals from individual proteins. To achieve sin-
gle-molecule detection with WGMs sensors, the sensitiv-
ity of the detection scheme has to be enhanced by several
orders of magnitude [32]. One approach is to concentrate
the light on a deep subwavelength length-scale in order to
enhance interactions with a single protein. Such deep-
subwavelength concentration of light beyond the scale of
the diffraction limit is possible when utilising metallic
nanostructures. The trick is to combine the optics of
WGMs with a very different branch of optics: plasmonics
[33–36,37,38]. As it is conceptually shown in Figure 2,
by attaching a plasmonic metal nanorod, of approximately
100 nm  20 nm in size, to the glass microbead sensor it
becomes possible to concentrate the light down to the
dimensions of a protein, or about 10 nm. A detection
signal (WGM resonance wavelength shift) occurs when
the overlap of a biomolecule, such as DNA or protein,
with this nanoscale light field changes [20,39], see
Figure 3. Essentially, biomolecule intersecting with the
light slightly changes the path-length for each roundtrip
around the micro-bead sensor. This change in path-length
shifts the optical resonance wavelength/frequency of a
WGM. In this way, it has recently become possible to
demonstrate detection of the conformational motions of
an active polymerase enzyme immobilised on a WGM
sensor [40], see Figure 3. As described in this seminal
publication, a WGM resonance wavelength-shift signal
followed the opening and closing motions of the
‘polymerase hand’ [40]. This work demonstrates an
optical, label-free method capable of observing enzymaticwww.sciencedirect.com
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(a) A WGM micro-sensor platform recirculates the probing light (in red) and concentrates the probing light field with the use of a plasmonic gold
nanoparticle to achieve detection sensitivity down to the observation of conformational changes from a single protein molecule. (b) The example
signal trace (resonance wavelength change Dl recorded over time) illustrate the signal shifts that occur due to transient conformational changes of
a protein, see spike-like signals at time-point 9 s. Positive wavelength shifts (red arrow) correspond to the protein adopting conformation 1,
negative wavelength shifts (blue arrow) correspond to the protein adopting conformation 2.interactions and associated conformational changes on a
single-molecule level. DNA polymerase from Escherichia
coli (Klenow Fragment, KF) and Pyrococcus furiosus (Pfu)
were immobilised in their active forms on plasmonic
nanorods. DNA was mixed into the solution and then
copied by the active enzymes. The active enzymes were
inside the near-field focused by the plasmonic nanorod.
In this way, it was possible to measure changes in the
sensor signal as the KF and Pfu polymerase enzyme
‘hand’ opened and closed, a motion that is known to
be part the conformational changes during polymerase
enzyme activity [40]. Figure 3b, top trace for KF and
DNA, shows some of the sensor signals that were
recorded for the opening and closing motions of the
polymerase ‘hand’ which are illustrated in Figure 3c.
The opening and closing motions reveal themselves as
resonance wavelength shifts Dl to longer and back to
shorter wavelengths, respectively. A resonance red shift
is observed when the overall overlap of the protein with
the probing near-field increases, and a blue shift when
this overlap decreases.
Using external cavity lasers to acquire the WGM spec-
trum often limits the acquisition speed to the piezo
positioners of the cavity mirrors, which normally workwww.sciencedirect.com up to 1 kHz. One technique to overcome this limitation is
to use a frequency lock-in technique, where an error
signal is obtained by demodulating the beat-note
between the cavity field and a high-frequency side-band
[41]. This error signal is used to lock the laser frequency
to the cavity resonance instantaneously. This technique
has been used for measurements of near-field WGM
optomechanics [42] and for WGM single nano-particle
detection [43]. Although, the frequency lock-in provides
fast technique for detecting shifts in the cavity resonance,
the complete cavity spectrum cannot be obtained. An
alternative approach, cavity ring-up spectroscopy
(CRUS), published by Rosenblum et al., uses far-detuned
pulses to acquire the complete WGM spectrum in the
nanosecond time-scale [44].
Outlook for WGM sensing of single-protein
structural dynamics
Work is underway to develop a WGM sensor platform
with several sensing channels, which probe the protein
molecular dynamics with different laser light, thereby
gaining information on the dynamics in different parts of a
protein. In principle this is possible, due to the overlap of
the probing near-field with a protein being dependent on
its wavelength. By varying the probing wavelength, itCurrent Opinion in Chemical Biology 2019, 51:66–73
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(a) Signal transduction mechanism of a single-molecule WGM sensor. WGM resonance wavelength shifts occur when the overlap of a protein with
the nanoscale WGM light field (in red) changes. This is shown conceptually for the opening motion of a model protein. (b) WGM wavelength-shift
signals Dl (in femtometer) measured for structural changes of an active polymerase enzyme (Klenow Fragment, KF). The spike-like signals
correspond to the opening and closing motions of an active polymerase enzyme in presence of DNA template. (c) The three images illustrate the
opening and closing motions of a Pfu (Pyrococcus furiosus) polymerase. The polymerase enzyme remains immobilised on a gold nanorod (NR)
during the WGM sensing experiments.
Adapted from Ref. [40].should be possible to probe single-protein dynamics in
different volume sections of a protein. In order to achieve
this one could envisage several probing lasers, with dif-
ferent nominal wavelengths, to obtain a more complete
characterisation of protein dynamics. Such a multi-modal
WGM sensing may even enable the reconstruction of a
protein’s 3D dynamics to atomic resolution. The WGM
signal analysis could thereby take advantage of external
input from high-end molecular dynamics simulations, and
from structural data already available for a protein from
X-ray crystallography as well as also from cryoEM, NMR,
and SAXS experiments.
The advantages of WGM sensors become a single-
molecule method able to resolve the protein dynamics
can be manifold. No fluorescence labelling is required in
order to measure protein conformational dynamics, and a
nanosecond time resolution would allow WGM sensors to
resolve dynamics that are currently accessible by most of
the fluorescence-based single-molecule techniques, see
Figures 1 and 4. The measurement signals contain
information about conformational dynamics recorded
from an entire volume section of the protein that is
probed in the near-field. Given enough sensing channels
that record dynamics from different volume sections, and
given a WGM sensitivity down to movements ofCurrent Opinion in Chemical Biology 2019, 51:66–73 individual atoms, it could become possible to reconstruct
3-D atomic image from the sensor data with some degree
of accuracy and at several million frames per second.
Even without recording and reconstructing entire movies
of biomolecular machines, the sensor data are a finger-
print specific for chemical interactions and reactions
recorded at the single-molecule level. Fingerprinting
single-molecule interactions and reactions in nanoscale
detection volumes can allow us to realise single-molecule
laboratories on chip, and every-molecule analysis of
extremely small sample volumes approaching that of a
single cell. Achieving these lofty goals can be aided by the
possibility of using WGM sensors to record vibrational
signatures of individual protein molecules in response to
light, such as Raman spectra including the low-frequency
vibrational modes which are difficult to access in conven-
tional Raman spectroscopy and which can identify a
protein and its fold [45].
What limits the application of the WGM sensing tech-
nique is the need to immobilise enzymes at a gold surface
while maintaining their activity. In order to repeatedly
measure enzymes in a similar orientation it is necessary to
modify the protein to attach the protein to the surface at
the desired orientation. This requires surface immobili-
sation techniques such as those based on his-taggedwww.sciencedirect.com
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Examples of dynamic biomolecular processes across a timescale of pico-seconds to hours/days. The high-sensitivity WGM sensor platforms
envisaged in the near-future have the potential to be able to detect all of these.enzymes which can be bound to gold nanoparticle sensors
via Ni-NTA (nitrilotriacetic acid) linker molecules or
directly via thiol–gold reaction of cysteine amino acids.
Another limitation is the difficulty in controlling where
the protein attaches and which of the sensing hotspots
probe the protein dynamics if a more complex plasmonic
nanostructure is in use. Another challenge lies in avoid-
ing interactions of the protein with the gold surface to
prolong activity when attached at the surface [46] in
order to enable prolonged measurements up to hours.
The challenge lies in avoiding interactions of the protein
with the gold surface. This can be achieved by coating of
the gold surface with (mono)layers of small molecules
that prevent a direct gold–enzyme interaction and that
favour active enzymes, examples for this can be found in
the electrochemistry literature and include glutathione
[46], and also citrate as demonstrated with the WGM
sensing technique [40].
The time-resolution of a WGM-based sensor is limited by
the cavity lifetime t, with t = Q/v where v is the angular
frequency of the light, or about one nanosecond for a
typical glass WGM sensor operated in water. However,
given the envisaged extreme high-sensitivity capability of
future WGM sensors, it may not be necessary to wait for
the completion of all of the circular trips of the light in the
micro-sensor. In this case, resolution down to a pico-
second time-frame may become possible. The probing
volume of the plasmonic near-field limits which size of
proteins can be studied for their dynamics. On the one
hand, the nanometre extension of typical plasmonicwww.sciencedirect.com near-fields limits the WGM technique to the study of
proteins smaller than 100 kDa and to the study of only
parts of a larger protein such as a ribosome. On the other
hand, it may be possible to position plasmonic nanopar-
ticles strategically around a protein using for example
DNA origami approaches or 3D plasmonic nanostructure
which could lead to ‘film studios’ that probe also larger
proteins with different nanoparticle sensors in parallel.
The quality of the structural analysis of protein dynamics
will depend crucially on the sensitivity of WGM sensors.
WGM sensitivity can further be enhanced by utilising more
optimal plasmonic nanostructures, such as bow-tie anten-
nas or nano-stars. Utilising narrow line-width (kHz), tune-
able laser systems, and possibly quantum and squeezed
light [47], are approaches that both can further enhance
detection-sensitivity. By combining all these advances on a
single WGM sensor platform, it may become possible to
reconstruct the movement of each atom of a protein, and
achieve the ultimate goal of reconstructing molecular
dynamics movies from WGM sensor signals. Because of
their high time-resolution, combined with a large dynamic
range and an extreme ultimate detection sensitivity, WGM
sensors can become an important tool for studies of molec-
ular dynamics. Such sensors have the potential to become
the first single-molecule method able to resolve the entire
range of nanomotions and biomolecular transitions occur-
ring in protein biochemistry as depicted in Figure 4.
Conflict of interest statement
Nothing declared.Current Opinion in Chemical Biology 2019, 51:66–73
72 Molecular imagingAcknowledgements
The authors thank Alice Cross for proofreading of the manuscript. FV would
like to thank the Living Systems Institute and EPSRC/UKRI for their
financial support. Supported by UKRI grant EP/R031428/1. No supporting
data available for this review.
References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:
 of special interest
 of outstanding interest
1.

Henzler-Wildman K, Kern D: Dynamic personalities of proteins.
Nature 2007, 450:964-972.
Review on the hierarchy of protein dynamics and classification of protein
dynamics based on timescales of motion.
2.

Austin RH, Beeson KW, Eisenstein L, Frauenfelder H, Gunsalus IC:
Dynamics of ligand binding to myoglobin. Biochemistry 1975,
14:5355-5373.
Introduction of an energy landscape picture for myoglobin protein
dynamics.
3. Beece D, Eisenstein L, Frauenfelder H, Good D, Marden MC,
Reinisch L, Yue KT, Reynolds AH, Sorensen LB: Solvent viscosity
and protein dynamics. Biochemistry 1980, 19:5147-5157.
4. Brooks CL, Karplus M: Solvent effects on protein motion and
protein effects on solvent motion. Dynamics of the active site
region of lysozyme. J Mol Biol 1989, 208:159-181.
5. Frauenfelder H, Sligar S, Wolynes P: The energy landscapes and
motions of proteins. Science (80-) 1991, 254:1598-1603.
6. Dai S, Friemann R, Glauser DA, Bourquin F, Manieri W,
Schu¨rmann P, Eklund H: Structural snapshots along the
reaction pathway of ferredoxin-thioredoxin reductase. Nature
2007, 448:92-96.
7. Bourgeois D, Weik M: Kinetic protein crystallography: a tool to
watch proteins in action. Crystallogr Rev 2009, 15:87-118.
8. Cheng Y: Single-particle Cryo-EM at crystallographic
resolution. Cell 2015, 161:450-457.
9. Kikhney AG, Svergun DI: A practical guide to small angle X-ray
scattering (SAXS) of flexible and intrinsically disordered
proteins. FEBS Lett 2015, 589:2570-2577.
10. Kleckner IR, Foster MP: An introduction to NMR-based
approaches for measuring protein dynamics. Biochim Biophys
Acta – Proteins Proteomics 2011, 1814:942-968.
11. Kovermann M, Rogne P, Wolf-Watz M: Protein dynamics and
function from solution state NMR spectroscopy. Q Rev Biophys
2016, 49:e6.
12. Kay LE: NMR studies of protein structure and dynamics. J
Magn Reson 2005:193-207.
13. Palmer AG, Kroenke CD, Loria JP: Nuclear magnetic resonance
methods for quantifying microsecond-to-millisecond motions in
biological macromolecules. Methods Enzymol 2001, 339:204-238.
14. Neuman KC, Nagy A: Single-molecule force spectroscopy:
optical tweezers, magnetic tweezers and atomic force
microscopy. Nat Methods 2008, 5:491-505.
15. Woodside MT, Block SM: Reconstructing folding energy
landscapes by single-molecule force spectroscopy. Annu Rev
Biophys 2014, 43:19-39.
16. Michalet X, Weiss S, Ja¨ger M: Single-molecule fluorescence
studies of protein folding and conformational dynamics. Chem
Rev 2006, 106:1785-1813.
17. Yang H, Luo G, Karnchanaphanurach P, Louie TM, Rech I,
Cova S, Xun L, Xie XS: Protein conformational dynamics
probed by single-molecule electron transfer. Science (80-)
2003, 302:262-266.
18. Stryer L: Fluorescence energy transfer as a spectroscopic
ruler. Annu Rev Biochem 1978, 47:819-846.Current Opinion in Chemical Biology 2019, 51:66–73 19.

Chung HS, Eaton WA: Single-molecule fluorescence probes
dynamics of barrier crossing. Nature 2013, 502:685-688.
Dynamics of barrier crossing in small helical proteins probed by using
single-molecule fluorescence experiments.
20.

Baaske MD, Foreman MR, Vollmer F: Single-molecule nucleic
acid interactions monitored on a label-free microcavity
biosensor platform. Nat Nanotechnol 2014, 9:933-939.
WGM sensing of single DNA molecules (oligonucleotides) and their
interaction kinetics.
21. Foreman MR, Swaim JD, Vollmer F: Whispering gallery mode
sensors. Adv Opt Photonics 2015, 7:168.
22. Fan X, White IM, Shopova SI, Zhu H, Suter JD, Sun Y: Sensitive
optical biosensors for unlabeled targets: a review. Anal Chim
Acta 2008, 620:8-26.
23. Luchansky MS, Washburn AL, McClellan MS, Bailey RC: Sensitive
on-chip detection of a protein biomarker in human serum and
plasma over an extended dynamic range using silicon
photonic microring resonators and sub-micron beads. Lab
Chip 2011, 11:2042-2044.
24. Francois A, Himmelhaus M: Whispering gallery mode biosensor
operated in the stimulated emission regime. Appl Phys Lett
2009, 94.
25. Yang L, Zhu J, Ozdemir SK, He L, Kim W, Chen D-R: A self-
reference sensing technique for ultra-sensitive chemical and
biological detection using whispering gallery
microresonators. Proc. SPIE 7913, Laser Resonators and Beam
Control XIII 2011, 791312.
26. Zhu H, Dale PS, Caldwell CW, Fan X: Rapid and label-free
detection of breast cancer biomarker CA15-3 in clinical human
serum samples with optofluidic ring resonator sensors. Anal
Chem 2009, 81:9858-9865.
27. Hunt HK, Armani AM: Label-free biological and chemical
sensors. Nanoscale 2010, 2:1544-1559.
28. Arnold S, Khoshsima M, Teraoka I, Holler S, Vollmer F: Shift of
whispering-gallery modes in microspheres by protein
adsorption. Opt Lett 2003, 28:272.
29. Vollmer F, Braun D, Libchaber A, Khoshsima M, Teraoka I,
Arnold S: Protein detection by optical shift of a resonant
microcavity. Appl Phys Lett 2002, 80:4057-4059.
30.

Gorodetsky ML, Savchenkov AA, Ilchenko VS: Ultimate Q of
optical microsphere resonators. Opt Lett 1996, 21:453.
Ultimate Q-factors in glass microsphere resonators measured up
to Q  109.
31. Chen Y-J, Schoeler U, Huang C-HB, Vollmer F: Combining
whispering-gallery mode optical biosensors with
microfluidics for real-time detection of protein secretion from
living cells in complex media. Small 2018, 14:1-8.
32. Xavier J, Vincent S, Meder F, Vollmer F: Review article advances in
optoplasmonic sensors—combining optical nano/
microcavities and photonic crystals with plasmonic
nanostructures and nanoparticles. Nanophotonics 2018, 7:1-38.
33. Santiago-Cordoba MA, Boriskina SV, Vollmer F, Demirel MC:
Plasmonic nanoparticle-based protein detection by optical
shift of a resonant microcavity. Appl Phys Lett 2011, 99 073701.
34. Santiago-Cordoba MA, Cetinkaya M, Boriskina SV, Vollmer F,
Demirel MC: Ultrasensitive detection of a protein by optical
trapping in a photonic-plasmonic microcavity. J Biophotonics
2012, 5:629-638.
35. Swaim JD, Knittel J, Bowen WP: Detection limits in whispering
gallery biosensors with plasmonic enhancement. Appl Phys
Lett 2011, 99.
36. Dantham VR, Holler S, Kolchenko V, Wan Z, Arnold S: Taking
whispering gallery-mode single virus detection and sizing to
the limit. Appl Phys Lett 2012, 101.
37.

Baaske MD, Vollmer F: Optical observation of single atomic
ions interacting with plasmonic nanorods in aqueous solution.
Nat Photonics 2016, 10:733-739.
First demonstration for WGM sensing of single atomic ions (Zink and
Mercury) in aqueous solution.www.sciencedirect.com
Whispering-gallery mode (WGM) sensors Frustaci and Vollmer 7338. Xiao YF, Liu YC, Li BB, Chen YL, Li Y, Gong Q: Strongly enhanced
light-matter interaction in a hybrid photonic-plasmonic
resonator. Phys Rev A – At Mol Opt Phys 2012, 85.
39.

Kim E, Baaske MD, Vollmer F: In situ observation of single-
molecule surface reactions from low to high affinities. Adv
Mater 2016, 28:9941-9948.
Various types of single-molecule surface reactions and molecular inter-
actions monitored on a WGM sensor.
40.

Kim E, Baaske MD, Schuldes I, Wilsch PS, Vollmer F: Label-free
optical detection of single enzyme-reactant reactions and
associated conformational changes. Sci Adv 2017, 3:e1603044
http://dx.doi.org/10.1126/sciadv.1603044.
WGM sensors demonstrate characterisation of conformational changes
in single proteins.
41. Black ED: An introduction to Pound–Drever–Hall laser
frequency stabilization. Am J Phys 2001, 69:79-87.
42. Anetsberger G, Arcizet O, Unterreithmeier QP, Rivie`re R,
Schliesser A, Weig EM, Kotthaus JP, Kippenberg TJ: Near-fieldwww.sciencedirect.com cavity optomechanics with nanomechanical oscillators. Nat
Phys 2009, 5:909-914.
43. Swaim JD, Knittel J, Bowen WP: Detection of nanoparticles with
a frequency locked whispering gallery mode microresonator.
Appl Phys Lett 2013, 102.
44.

Rosenblum S, Lovsky Y, Arazi L, Vollmer F, Dayan B: Cavity ring-
up spectroscopy for ultrafast sensing with optical
microresonators. Nat Commun 2015, 6.
WGM sensors achieve a nanosecond time resolution.
45. DeWolf T, Gordono R: Theory of acoustic Raman modes in
proteins. Phys Rev Lett 2016, 117:138101.
46. Akella S, Mitra KC: Electrochemical studies of glucose oxidase
immobilised on glutathione coated gold nanoparticles. Ind J
Biochem Biophys 2007, 44:82-87.
47. Subramanian S, Wu H, Constant T, Xavier J, Vollmer F: Label-free
optical single-molecule micro- and nanosensors. Adv Mater
2018, 1801246:1-21.Current Opinion in Chemical Biology 2019, 51:66–73
